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Human cytomegalovirus (HCMV) remains a serious threat for immunocompromised individuals, including
transplant recipients and newborns. To date, all drugs licensed for the treatment of HCMV infection and
disease target the viral DNA polymerase. Although these drugs are effective, several drawbacks are associated
with their use, including toxicity and emergence of drug resistance. Hence, new and improved antivirals with
novel molecular targets are urgently needed. Here we report on the antiviral properties of AIC246, a repre-
sentative of a novel class of low-molecular-weight compounds that is currently undergoing clinical phase II
studies. The anti-HCMV activity of AIC246 was evaluated in vitro and in vivo using various cell culture assays
and an engineered mouse xenograft model. In addition, antiviral properties of the drug were characterized in
comparison to the current gold standard ganciclovir. We demonstrate that AIC246 exhibits excellent in vitro
inhibitory activity against HCMV laboratory strains and clinical isolates, retains activity against ganciclovir-
resistant viruses, is well tolerated in different cell types (median selectivity index, 18,000), and exerts a potent
in vivo efficacy in a mouse xenograft model. Moreover, we show that the antiviral block induced by AIC246 is
reversible and the efficacy of the drug is not significantly affected by cell culture variations such as cell type or
multiplicity of infection. Finally, initial mode-of-action analyses reveal that AIC246 targets a process in the
viral replication cycle that occurs later than DNA synthesis. Thus, AIC246 acts via a mode of action that differs
from that of polymerase inhibitors like ganciclovir.

Human cytomegalovirus (HCMV) is a widespread opportu-
nistic pathogen in immunocompromised individuals, including
transplant recipients and tumor or AIDS patients, and remains
the leading viral cause of birth defects (1, 9, 12, 17, 29). To
date, a limited number of drugs are licensed for the systemic
treatment of HCMV infection and disease: ganciclovir (GCV)
(Cymevene; Roche), its oral prodrug valganciclovir (VGCV)
(Valcyte; Roche), cidofovir (CDF) (Vistide; Gilead), and
foscarnet (FOS) (Foscavir; Astra-Zeneca). In addition,
valaciclovir (VACV) (Valtrex; GlaxoSmithKline), a drug that has
been primarily developed for the treatment of herpes simplex
virus (HSV) and varicella-zoster virus (VZV) infection, has
gained marketing approval in certain countries for prophy-
laxis of HCMV infections in transplant patients. Although
GCV, VGCV, CDF, and FOS are effective, several drawbacks
are associated with the use of these drugs, including toxicity,
poor oral bioavailability (except VGCV), and emergence of
drug resistance (3, 20). The active forms of GCV, CDF, and
FOS share the same molecular target, the viral polymerase
UL54. Consequently, drug-resistant strains of HCMV encod-
ing UL54 mutations have been found for all three compounds,
and the emergence of cross-resistant strains has been de-

scribed in clinical settings. In addition, resistance to GCV is
also associated with mutations in the viral protein kinase UL97
leading to a lack of synthesis of GCV-triphosphate, the active
form of the drug (15, 18). Given this, there is an urgent need
to develop new, safe, and efficacious antiviral drugs with mo-
lecular targets not shared with those currently in use. In line
with this, recent attempts to identify novel anti-HCMV com-
pounds mainly concentrated on two promising novel drug targets,
the viral terminase complex and the viral protein kinase UL97
(reviewed in references 3, 20, 23, and 24 ). The HCMV terminase
complex is a two-subunit enzyme that catalyzes cleavage and
packaging of viral DNA (8). Different molecular entities target-
ing this enzyme have been discovered (e.g., BDCRB,
GW275175X, and BAY 38-4766) but so far no “terminase inhib-
itor” has attained phase II clinical development (reviewed in
reference 20). Maribavir, an agent targeting the viral UL97
kinase, an enzyme that is involved in viral DNA synthesis and
egress of viral capsids from cell nuclei, was under investigation
in phase III clinical trials (20). However, it has been reported
that maribavir failed in a recent pivotal phase III study of bone
marrow transplant patients who were treated prophylactically.
Moreover, since a parallel phase III trial in liver-transplanted
patients was stopped, the future of this program is uncertain
(34, 35).

In our attempt to discover novel anti-HCMV compounds that
could potentially yield new therapeutic agents, we identified 3,4-
dihydro-quinazoline-4-yl-acetic acid derivatives as a novel class of
compounds with anti-HCMV activity by screening a compound
library in a high-throughput manner. Hit-to-lead optimization
activities, including extensive structure-activity relationship stud-
ies and pharmacological analyses (unpublished data), led to the
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discovery of AIC246 (C29H28F4N4O4) (Fig. 1). Due to an ex-
cellent preclinical profile with respect to efficacy, safety, toler-
ability, and pharmacokinetics, AIC246 was chosen as a devel-
opment candidate out of this new class of anti-HCMV drugs
and is currently undergoing phase II evaluations (to be pub-
lished elsewhere). Here we report on the antiviral properties of
AIC246 in vitro and in vivo using different HCMV laboratory
strains, different clinical isolates, GCV-resistant viruses, and a
mouse xenograft model. Moreover, we monitored the effects of
drug removal and of time of drug addition on compound effi-
cacy. Taken together, the studies presented here demonstrate
that the novel compound AIC246 exhibits excellent anti-
HCMV activity both in vitro and in vivo and suggest that the
mode of action of AIC246 differs from that of polymerase
inhibitors like GCV.

MATERIALS AND METHODS

Cells, cell culture, and viruses. Normal human dermal fibroblast (NHDF) cells
(catalog no. CC-2511), normal human lung fibroblast (NHLF) cells (catalog no.
CC-2512), human foreskin fibroblast (HFF) cells (Hs27, catalog no. CRL-1634),
human lung fibroblast cells (MRC5, catalog no. CCL-171), and human embry-
onic lung fibroblast (HELF) cells (HEL299, catalog no. 87042207) were pur-
chased from Clonetics, the American Type Culture Collection (ATCC), and the
European Collection of Cell Cultures (ECACC). All cells were cultured at 37°C
with 5% CO2 as described previously (16, 28). The HCMV laboratory strains
AD169 and Davis were purchased from ATCC (ATCC accession no. VR 538 and
VR-807). The green fluorescent protein (GFP)-expressing recombinant AD169
strain RV-HG was reconstituted from the HCMV-BACmid pHG kindly pro-
vided by E. Borst and M. Messerle (10); the recombinant AD169 strain HCMV-
GFP was obtained from T. Stamminger (22). HCMV clinical isolates were
provided by A. Eis (University of Bonn), D. Michel and T. Mertens (University
of Ulm), and C. Sinzger (University of Tübingen). The ganciclovir-resistant virus
mutant AD169 rGCV was selected in cell culture as described earlier (28).
Briefly, the HCMV strain AD169 was serially passaged in NHDF cells in the
presence of increasing concentrations of ganciclovir, starting at a drug concen-
tration of 2 �M (the approximate 50% effective concentration [EC50]). The
resultant GCV-resistant progeny virus was plaque purified and then analyzed.
Sequencing of the open reading frames (ORFs) UL97 and UL54 revealed the
UL97 M460I mutation that is known to confer 5- to 6-fold resistance against
GCV (15). HCMV virus stocks were propagated using NHDF cells and titrated
by means of IE1p72 fluorescence exactly as described previously (4, 21).

Animals. Fox Chase NOD SCID mice (Taconic M&B A/S, Ry, Denmark)
were housed under sterile conditions in individually ventilated cages with filter
top lids (Tecniplast, Hohenpeißenberg, Germany). All necessary handling was
done under laminar flow hoods. Animals were fed a diet of irradiated mouse and
rat feed (Kliba “Provimi”) and received autoclaved water ad libitum. Animal care
and use were conducted according to federal guidelines.

Antiviral compounds. AIC246 and BAY 38-4766 were synthesized at the
medical chemistry department of Bayer Schering Pharma AG, Wuppertal, Ger-
many, and stored as a 50 mM stock solution in dimethyl sulfoxide (DMSO) for
in vitro use. Ganciclovir (ganciclovir sodium; Roche, Grenzach, Germany) was
used as a reference drug as a 50 mM solution in 0.9% saline, the intravenous
formulation of Cymevene. For animal experiments, commercially available val-
gancyclovir (VGCV) (Valcyte, Roche) was used. VGCV and AIC246 were for-
mulated in 2% DMSO in 0.5% methylcellulose–99.5% phosphate-buffered saline
(PBS).

HCMV cytopathic effect reduction assay (CPE-RA). CPE-RAs were per-
formed basically as described elsewhere (HCMV replication assay) (28). In brief,
the addition of 2 �l test compound of 50, 5, 0.5, 0.05, 0.005, and 0.0005 mM
DMSO stock solutions to 100 �l cell culture medium in duplicates was followed
by serial 2-fold dilutions in 96-well microtiter plates. Each well was supplemented
with 150 �l of either a suspension of 1 � 104 NHDF cells mixed with cell-free
HCMV (multiplicity of infection [MOI], 0.03) or a suspension of 1 � 104 to 3 �
104 HCMV-infected and uninfected NHDF cells (MOI, 0.001 to 0.002). Nonin-
fected and nontreated cells served as controls on each plate. Final compound
concentrations ranged between 250 and 0.00005 �M. Plates were incubated for
6 to 7 days at 37°C or until the virus control reached 100% CPE. A mixture
containing 20% Giemsa stain (Merck) and 5% formalin solution (Merck) was
added to the wells for fixation and staining. After extensive washing, plates were
dried at 56°C followed by visual evaluation using an overhead microscope
(plaque magnifier; Tecnorama Zürich). Each assay was performed at least in
triplicate, and standard deviations were calculated. The assay plate data were
used to calculate the EC50 (CPE-RA), i.e., the concentration of drug that inhibits
the CPE by 50% compared with an untreated virus-infected control.

HCMV plaque assay. HCMV plaque assays were performed as described
previously (28). NHDF cells (1 � 105 to 2 � 105) seeded in 24-well tissue culture
plates were infected by inoculating 0.1 ml of serial log dilutions of a suspension
of infected and uninfected cells. After a 16-h adsorption period, the cell culture
supernatant was replaced by 1 ml of a methylcellulose (MC) overlay medium
(0.5% MC-Dulbecco modified Eagle medium [DMEM]-10% fetal calf serum
[FCS]). Cultures were incubated for 7 to 14 days. Plates were fixed and stained
as described above. Subsequently, plates were visually evaluated by counting
plaques. Results are expressed as PFU per ml titrated cell suspension.

HCMV fluorescence reduction assay (GFP-RA). The susceptibilities of recom-
binant HCMV laboratory strains expressing GFP were determined by a GFP-
based fluorescence reduction assay. For standard assays, 1.5 � 104 NHDF cells/
well were cultured in black 96-well plates (Greiner Bio-One, Germany) and
infected with either HCMV-GFP (MOI, 0.1) or RV-HG (MOI, 0.2 to 0.5). After
virus adsorption, the virus inoculum was replaced with 200 �l fresh medium.
Thereafter, 100 �l medium containing the test compounds was added to wells of
horizontal row G, followed by serial 3-fold dilutions up to row A. All drug
concentrations were tested at least in duplicate. Wells of the horizontal row H
served as the virus control. Plates were incubated at 37°C for 7 days. The medium
was replaced by 200 �l PBS, and GFP units (GFPU) were determined by a
charge-coupled-device-camera-based fluorescence detector (FluoBox; Bayer
Technology Services GmbH, Leverkusen, Germany) which captures 96 images
simultaneously. Drug effects were calculated as a percentage of reduction in
GFPU in the presence of each drug concentration compared to the GFPU
determined in the absence of drug. EC50 and EC90 values (drug concentrations
producing 50% and 90% reduction in GFPU) were determined as described in
“Statistical analysis.” To evaluate the antiviral activity of AIC246 in different cell
types or as a function of the amount of input virus, the assay was performed
essentially in the same way, but either different fibroblast cells (cell-type depen-
dency) or increasing multiplicities of infection of HCMV AD169-GFP (MOI,
0.003 to 1; MOI dependency) were used for infection. All assays were performed
at least in triplicate, and standard deviations were calculated.

Cytotoxicity assay. The influence of antiviral drugs on the viability of different
fibroblast cells during a 7-day incubation period was evaluated using the alamar-
Blue viability assay (Biosource Europe, Nivelle, Belgium), as described by the
manufacturer. Briefly, 96-well microtiter plates were seeded with 1.5 � 104

cells/well and incubated overnight. Drugs were added to the wells in 3-fold serial
dilutions starting from 0.33 mM (the DMSO concentration was kept constant at
0.66% throughout the whole plate). After a 7-day incubation period, alamarBlue
solution was added to each well and the fluorescence signal was measured using a
SpectraFluor Plus fluorescence reader (Tecan Deutschland GmbH, Crailsheim,
Germany). The relative fluorescence units of treated wells were expressed as
percentages of untreated cell control wells and plotted against the logarithm of
drug concentrations. Drug concentrations reducing cell viability by 50% (CC50s)
were determined from dose-response curves as described in “Statistical analysis.”
The assays were performed at least three times with duplicate samples. CC50

values were used to calculate the selectivity index (SI � CC50/EC50) for individ-
ual substances.

Focus expansion assay. Focus expansion assays were performed essentially as
described previously (30). Briefly, late-stage-infected fibroblasts were cocultured
with an excess of uninfected fibroblasts for 5 days in the presence or the absence
of 50 nM AIC246 (�10 � EC50). Cells were fixed with ice-cold methanol, and
HCMV immediate-early (IE) antigen was detected by indirect immunofluores-
cence analysis using monoclonal antibody E13 (Biosoft, Cambridge, United
Kingdom) and a Cy3-coupled secondary antibody. Cell nuclei were counter-

FIG. 1. Chemical structure of AIC246.
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stained using DAPI (4�,6-diamidino-2-phenylindole), and dishes were analyzed
with a Zeiss Axiovert 135 microscope. All tests were done in quadruplicate, and
the average number of infected cells per focus was quantified.

Kinetic block release assay. NHDF cells (3 � 105/well) grown in six-well plates
were infected with AD169 at an MOI of 0.1. After virus adsorption, cells were
treated with either GCV (20 �M) or AIC246 (50 nM) for 96 h (�10 � EC50).
One well was kept untreated and served as a virus control. After the 96-h
incubation period, supernatants of the untreated virus control and of one drug-
treated well were harvested and stored at �80°C. All other cultures were washed
five times with PBS and then incubated in drug-free medium. Cell culture
supernatants of infected cells were collected at 24, 48, 72, and 96 h after removal
(hpr) of the antiviral compound and stored at �80°C. Finally, virus titers of each
collected cell culture supernatant were quantified via IE1p72 fluorescence titra-
tion as described above. Duplicate samples were used for all drug block release
studies.

Time-of-addition assay. NHDF cells (1.5 � 104/well) were cultured in black
96-well plates and infected with AD169-GFP at an MOI of 0.1. Subsequently,
fresh media or media containing fixed virus inhibitory concentrations (�10 �
EC50) of AIC246 (50 nM), GCV (20 �M), and BAY 38-4766 (11 �M) were
added to the infected cells at 0, 11, 24, 33, 48, 57, 72, 81, 96, 120, and 144 h
postinfection (hpi). At 7 days (168 h) postinfection (pi), media were replaced by
PBS and GFP units (GFPU) of the infected cells were quantified as described
above. Drug effects were calculated as a percentage of reduction in GFPU in the
presence of each drug compared to the GFPU determined in the absence of
drug. GFPU determined in wells incubated with the respective inhibitor from 0
hpi onwards were used for background correction. Each drug was tested in
duplicate at each time point.

Mouse xenograft model. The in vivo antiviral activity of AIC246 was assessed
using a HCMV xenograft mouse model as described by Chong et al. (14). Briefly,
Gelfoam hemostyptic gelatin devices (Upjohn) were cut aseptically into 1-cm2

pieces. These implants were soaked in NHDF cell culture growth medium (GM),
and sponges were brought to 37°C in a CO2 incubator. NHDF cells were infected
with cell-free HCMV strain Davis at an MOI of 0.03. After 4 h, cells were
collected by trypsinization followed by centrifugation at room temperature for 10
min at 800 � g. Cells were resuspended in GM and counted using a hemocy-
tometer. Each Gelfoam implant was seeded with a suspension of 1 � 106 infected
cells by pipetting the cells onto the sponges. Human cells were allowed to adhere
to the collagen sponges for at least 3 to 4 h at 37°C. To enhance vascularization
of the implant, 250 ng recombinant human basic fibroblast growth factor (Cal-
biochem) was pipetted onto each implant 1 h prior to transplantation. Mice (18
to 25 g body weight) were anesthetized, and the Gelfoam sponges were im-
planted subcutaneously in the dorsoscapular area. After transplantation, mice
were randomized and grouped in �10 animals per treatment group. Starting 4 h
after transplantation, mice were treated once daily with the indicated compounds
for nine consecutive days. Drugs were applied per os by oral gavage. Total
administration volume was 10 ml/kg. Mice were sacrificed after 9 days of treat-
ment, and the Gelfoam implants were removed and digested with collagenase
(Calbiochem) at 37°C. After 2 to 3 h, human cells were recovered by centrifu-
gation and resuspended in GM. Subsequently, the isolated cell suspensions were
serially diluted and mixed with uninfected NHDF indicator cells and PFU were
determined by plaque assays as described above. Virus titers determined from
isolated cells are given as PFU/ml.

Statistical analysis. For statistical analysis, data were examined using one-way
analysis of variance (ANOVA) with Bonferroni’s post test. P values were con-
firmed using an unpaired Student t test.

Fifty percent effective dose (ED50), ED90, and CC50 values were calculated
using nonlinear regression curve fit with a variable slope. GraphPad Prism 3.02
or 4.0 software (GraphPad Software Inc., La Jolla, CA) was used for all analyses.

RESULTS

Antiviral activity of AIC246 in cell culture. The antiviral effi-
cacy of AIC246 was compared to that of the reference compound
ganciclovir (GCV) in a classical CPE reduction assay (CPE-RA)
and a GFP-based fluorescent reduction assay (GFP-RA) using
different HCMV laboratory strains. The results are summa-
rized in Table 1 and demonstrate that AIC246 exhibited very
potent in vitro antiviral activity as measured by the two inde-
pendent assays. In fact, the inhibitory potency of AIC246 sur-
passes the current gold standard GCV by more than 400-fold
with respect to EC50s (mean, �4.5 nM versus �2 �M) and by
more than 2,000-fold with respect to EC90 values (mean, �6.1
nM versus �14.5 �M). NHDF monolayers showed no micro-
scopically apparent cytotoxic effects at AIC246 concentrations
of �33 �M when observed during antiviral assays. Note that
the EC50s of GCV obtained in both assays are in agreement
with previously reported results (6, 27, 28). A typical example
for a nonlinear regression curve of AIC246 or GCV is shown in
Fig. 2. It should be noted that the antiviral activity of AIC246
is characterized by a very steep dose-response curve and that
this accounts for only slight differences between EC50 and
EC90 values (median slope: AIC246, �10; GCV, �1.2).

Previous publications reported that the developmental anti-
HCMV drug maribavir exhibits widely differing EC50s for the
same HCMV strain (AD169) infecting different cell types.
While good antiviral activity was observed in lung fibroblasts,
only reduced or poor efficacy was measured in skin fibroblasts
(6, 16, 36). In light of these findings it was important to assess
the activity of our new candidate molecule against a variety of
HCMV permissive cells and to compare the results to those
obtained for the approved reference compound GCV (Table
2). Since the cell tropism of HCMV laboratory strains is re-
stricted to fibroblasts, normal dermal fibroblasts (NHDF),
foreskin fibroblasts (HS27), normal lung fibroblasts (NHLF,
MRC5), and embryonic lung fibroblasts (HEL299) were in-
cluded in this evaluation. CC50 values were determined in
parallel as described in Materials and Methods, and selectivity
indices (SIs) were calculated. As depicted in Table 2, the an-
tiviral activity of AIC246 was virtually unchanged in all cell
types tested. In contrast, we recognized a moderate variability

TABLE 1. Sensitivities of different HCMV laboratory strains to AIC246 and GCV in fibroblast cells

Assay HCMV strain
EC50 (�M)a EC90 (�M)a

No. of
independent exptsAIC246 Ganciclovir AIC246 Ganciclovir

CPE-RAb Davis 0.0040 � 0.0010 2.70 � 0.70 NDd ND 7
AD169 0.0050 � 0.0010 4.30 � 1.80 ND ND 13

GFP-RAc AD169-GFP 0.0038 � 0.0009 1.73 � 0.93 0.0051 � 0.0014 10.7 � 2.5 18
RV-HG 0.0049 � 0.0009 2.33 � 2.75 0.0071 � 0.0025 18.3 � 22.7 5

a EC50 and EC90 values were determined by the indicated antiviral assay. Nonlinear regression analysis was performed, and the resulting graphs were used to calculate
the respective values. Results are expressed as means � standard deviations.

b CPE reduction assay.
c Fluorescence reduction assay.
d ND, not determined.
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of GCV EC50s (maximum, 7-fold) with respect to the fibroblast
cells used for infection. Importantly, concurrent determina-
tions of cytotoxicity in an alamarBlue assay demonstrated that
AIC246 was well tolerated in all cell types used, thus leading to
SIs of at least 12,000 (median SI, 18,000) (Table 2).

Effect of multiplicity of infection on the inhibition of HCMV
by AIC246. A defining feature of an antiviral compound is its
multiplicity of infection (MOI) dependency, meaning that the
antiviral potency of certain drugs decreases as the ratio of
input virus to cells increases. In order to investigate the MOI
dependence of AIC246, GFP-RAs in the presence of increas-
ing virus titers were carried out. GCV was included in these
experiments as a reference compound. As shown in Table 3,
the efficacy of AIC246 was only moderately influenced by an
�333-fold titer increase in virus inoculum leading to an �3-
fold increase in the respective EC50. In contrast, GCV EC50s
increased up to �6-fold in the �M range in parallel experi-
ments. These results suggest that AIC246 is sufficiently potent
to combat even high-MOI infections.

Antiviral activity of AIC246 against GCV-resistant virus
strains and clinical HCMV isolates. Next, we sought (i) to
prove that the antiviral activity of AIC246 is not restricted to

HCMV laboratory strains and (ii) to assess the potential utility
of the drug in the treatment of GCV-resistant infections. For
this, the efficacy of AIC246 was evaluated against a GCV-
resistant AD169 mutant and a panel of seven different clinical
HCMV isolates also including GCV-resistant viruses (Table
4). The mutations conferring resistance to GCV of strain
AD169 rGCV, I-E17251S and I-1974R, were mapped to the
viral protein kinase UL97 (M460I and 2� C603W, respec-
tively). The identified UL97 mutations are well characterized
and have been found earlier to confer resistance to GCV (15).
All viruses tested were sensitive to AIC246, with EC50s in the
CPE-RA ranging from 1.8 nM to 6.1 nM. Thus, GCV-resistant
viruses retained sensitivity to AIC246, which suggests that the
target site or the inhibitory mechanism of AIC246 is different
from that of GCV.

It is well known that in vivo HCMV disseminates predomi-
nantly by cell-to-cell spread (26). Given this, we examined the
effect of AIC246 on the intracellular dissemination of a strictly
cell-associated HCMV isolate in a focus expansion assay (30,
31). Uninfected fibroblast cells were cocultivated with fibro-
blasts infected with a recent, strictly cell-associated, clinical
HCMV isolate. Inhibitory concentrations of AIC246 were
added immediately after cocultivation, and the sizes of infec-
tious foci were evaluated 5 days later via detection of HCMV
immediate-early (IE) antigen. As shown for one isolate,
AIC246 inhibited the focal expansion of a clinical HCMV
isolate at high efficiency (cells per focus, 113 [control] versus 12
[treated]) (Fig. 3). The residual expression of IE antigen ob-
served in some AIC246-treated cells is due to the release of
preformed infectious virus progeny present in the cytoplasm of

TABLE 3. MOI dependency of AIC246

MOIa
EC50

b (�M)

AIC246 Ganciclovir

0.003 0.0013 � 0.0004 (4) 0.99 � 0.58 (5)
0.01 0.0015 � 0.0004 (2) 0.68 � 0.30 (4)
0.03 0.0029 � 0.0012 (5) 1.74 � 1.27 (6)
0.1 0.0034 � 0.0009 (8) 2.21 � 1.23 (8)
0.3 0.0036 � 0.0009 (4) 6.51 � 2.26 (4)
1 0.0042 � 0.0018 (8) 5.26 � 2.13 (8)

a Multiplicity of infection (MOI) of HCMV strain AD169-GFP.
b EC50 values determined by the fluorescence reduction assay are expressed as

means � standard deviations. The number of independent experiments is shown
in parentheses.

FIG. 2. Representative in vitro dose-response curves of AIC246 (A) and ganciclovir (B) determined by the GFP-RA. Error bars represent
standard deviations of results for duplicate samples.

TABLE 2. Antiviral activity of AIC246 determined for
various cell types

Cell type Drug EC50
a (�M) CC50

b (�M) SIc

HS27 AIC246 0.0056 � 0.0004 (4) 107 (2) 19,107
Ganciclovir 0.32 � 0.11 (6) 	333 (2) 	1,044

NHDF AIC246 0.0035 � 0.0010 (6) 91 (2) 25,899
Ganciclovir 1.91 � 1.30 (6) 	333 (2) 	174

HELF AIC246 0.0035 � 0.0013 (5) 63 (2) 17,877
Ganciclovir 2.39 � 1.03 (5) 	333 (2) 	139

NHLF AIC246 0.0050 � 0.0020 (5) 64 (2) 12,903
Ganciclovir 2.07 � 1.01 (5) 	333 (2) 	161

MRC5 AIC246 0.0045 � 0.0004 (3) 127 (2) 28,015
Ganciclovir 1.65 � 0.56 (3) 	333 (2) 	202

a EC50s determined by the fluorescence reduction assay expressed as mean �
standard deviation. The number of independent experiments is shown in paren-
theses.

b CC50 values determined by the alamarBlue viability assay as described in
Materials and Methods. Values with a 	 sign represent the highest concentration
tested.

c Selectivity index (SI) � CC50/EC50.
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the cells used for cocultivation/infection (Fig. 3B). However,
this infection was abortive, since no further spread of virus to
neighboring cells was observed. This coculture-based assay
confirmed the inhibitory efficacy of AIC246 on the replication
of clinical HCMV isolates.

Reversibility of antiviral effect. In order to learn more about
the properties of this novel small-molecule inhibitor, we next
addressed the question of whether the anti-HCMV block in-
duced by AIC246 is reversible. To this end, a kinetic block
release experiment was performed (Fig. 4A). AD169-GFP-
infected cells were treated with inhibitory concentrations
(�10 � EC50) of AIC246 or the reversible polymerase inhib-
itor GCV to suppress HCMV replication. Cells were released
from the drug block at 96 hpi, and the amount of progeny virus
in the supernatant was quantified (Fig. 4B). Following 96 h of
inhibitor treatment (96 hpi � 0 h postrelease [hpr]), viral yield
measurements revealed an �4-log reduction in HCMV titer
relative to nontreated infected cells (102 PFU/ml versus 106

PFU/ml; data not shown), demonstrating that both drugs ef-
fectively inhibited virus replication at the given concentrations.

Upon removal of AIC246 from the culture medium, virus rep-
lication rapidly resumed and infectious virus particles were
readily detected in the supernatant. In fact, mock-treated virus
yield levels (�106 PFU/ml) were reached as soon as �48 h
following release of AIC246. In contrast, secretion of virus
particles into the supernatant remained depressed for some
time after removal of extracellular GCV before it reached
mock-treated levels (Fig. 4B). This experiment clearly demon-
strated that the antiviral block induced by AIC246 was revers-
ible. The observed delay in the virus rebound kinetics upon
GCV withdrawal might be explained by either differences
in the intracellular pharmacokinetic half-life of AIC246 and
GCV and/or the fact that AIC246 blocks viral replication at a
later point within the HCMV replication cycle than the poly-
merase inhibitor GCV. Given this, it was of interest to locate
the stage in the viral replication cycle at which AIC246 exerts
its effect.

Time-of-drug-addition studies. To determine the process in
the virus replication cycle affected by AIC246, a time-of-addi-
tion study was employed. Since HCMV replication is charac-
terized by a complex sequence of different phases at which
antiviral agents might interfere, two control compounds known
to act at early (GCV) or late (BAY 38-4766) phases within the
HCMV replication cycle were used in a parallel experiment
with AIC246. BAY 38-4766 is a potent HCMV inhibitor that
exerts its antiviral activity after viral DNA synthesis by pre-
venting processing and packaging of the DNA (13, 28). Inhib-
itory concentrations of AIC246, GCV, and BAY 38-4766 were
added to AD169-GFP-infected cells at various time points pi.
GFP levels in the infected cells were determined at 7 days pi
(Fig. 5A). The polymerase inhibitor GCV was found to be

TABLE 4. Susceptibility of HCMV laboratory strains and clinical
isolates to AIC246 and GCV

HCMV strain
EC50

a (�M)

AIC246 Ganciclovir

Laboratory strains
AD169 0.0051 � 0.0012 2.4 � 2.5
AD169 rGCVb 0.0039 � 0.0011 12 � 0.7

Clinical isolates
I-Se 0.0031 � 0.0038 NDc

I-Ba 0.0058 � 0.0001 ND
I-La 0.0034 � 0.0035 ND
I-472 0.0018 � 0.0016 5.0 � 3.90
I-E16415Sd 0.0026 � 0.0016 1.1 � 0.45

GCV-resistant clinical isolates
I-E17251Sd,e 0.0061 � 0.0044 14 � 2.5
I-1947Rd,e 0.0023 � 0.0023 15 � 13

a EC50 values were determined by the CPE reduction assay as described in
Materials and Methods. Data are means of at least two independent experiments
and are expressed � standard deviations.

b GCV-resistant AD169 virus (UL97 M460I).
c ND, not determined.
d Cell-associated viruses (virus-infected cells) were used as viral inocula.
e GCV-resistant clinical isolate (UL97 C603W).

FIG. 3. Effect of AIC246 on focal expansion of a cell-associated
HCMV isolate in cell culture. Productively infected fibroblasts were
cocultured with an excess of uninfected indicator fibroblasts for 5 days
in the absence (A) or presence (B) of AIC246. Cells were fixed and
stained for viral immediate-early antigen expression (green signals),
and cell nuclei were counterstained with DAPI (blue signals). The
number of infected cells per focus is indicated.

FIG. 4. Kinetic block release assay. (A) Schematic representation
of the experimental setup. HCMV AD169-infected NHDF cells were
treated for 96 h with the indicated inhibitor (antiviral block). At 96 h
postinfection (hpi), infected cells were released from the drug block,
and the production of progeny virus was analyzed 24 h, 48 h, 72 h, and
96 h following drug release (hpr). (B) Production of progeny virus
during antiviral virus block and following block release monitored via
virus yield measurements.

1294 LISCHKA ET AL. ANTIMICROB. AGENTS CHEMOTHER.



effective without loss of activity when added up to 33 hpi (Fig.
5B). In contrast, BAY38-4766 and AIC246 were found to re-
main active when added as late as 57 hpi. Interestingly, once
replication has advanced beyond this point, the efficacy of both
drugs drastically decreases. This suggests that AIC246, simi-
larly to BAY 38-4766, targets a process occurring later than
DNA synthesis and therefore further supports the idea that the
mode of action of AIC246 differs from that of polymerase
inhibitors like GCV.

In vivo antiviral activity of AIC246 in a mouse xenotrans-
plant model. Having shown that AIC246 is a potent, robust,
and specific inhibitor of HCMV replication in cell culture that
acts via a mode of action distinct from that of GCV, we then
investigated the ability of AIC246 to inhibit HCMV replication
in an in vivo animal model. Notably, rodent pathogenicity mod-
els could not be applied, since HCMV selectively infects hu-
man cells and cell culture experiments revealed that AIC246
was not active against rodent CMV strains, including mouse
and guinea pig cytomegalovirus (data not shown). Therefore,
in vivo efficacy was assessed using an engineered mouse xe-
nograft model. For this, mice transplanted with a Gelfoam
sponge carrying infected human cells were treated once daily
with AIC246 via oral gavage. After a 9-day treatment period,
Gelfoam sponges were explanted and the number of HCMV
PFU was determined after processing of samples. Placebo- and
VGCV (Valcyte)-treated animals served as treatment controls.

AIC246 treatment led to a dose-dependent reduction of

the HCMV titer in transplanted cells compared to that of
the placebo-treated control group using the mouse xe-
nograft model (Fig. 6A). Statistical analysis revealed signif-
icant antiviral effects for the 10-, 30-, and 100-mg/kg/day
treatment groups of AIC246 as well as for the 100-mg/kg/day
VGCV control group (P � 0.006). Interestingly, treatment
with AIC246 yielded a 	2-log PFU reduction in the highest-
dose groups compared to an �1-log PFU reduction in

FIG. 5. Effect of the time of addition of AIC246, BAY 38-4766 or
GCV on HCMV replication. (A) Schematic representation of the
experimental setup. NHDF cells were infected with AD169-GFP and
treated with fixed virus inhibitory concentrations (�10 � EC50) of
GCV, BAY 38-4766, and AIC246 at the indicated time points postin-
fection (hpi). After 7 days, cell supernatants were replaced by PBS and
GFP units (GFPU) were determined. (B) GFPU in compound-treated
cells were compared to those in untreated cells, and the percentage of
activity is plotted. Results are averages for three experiments carried
out in duplicate. Error bars indicate standard deviations.

FIG. 6. Effect of VGCV or AIC246 therapy on HCMV replication
in a mouse xenograft model. (A) Viral titers of HCMV-infected Gel-
foam sponges harvested from transplanted mice receiving antiviral
treatment with the indicated doses of placebo, VGCV, or AIC246.
Drugs were given once daily per os for 9 days. Results are expressed as
means � standard errors of the means (SEM). Placebo, n � 24;
VGCV, n � 20; AIC246 (1 mg/kg/day), n � 10, (3 mg/kg/day) n � 11,
(10 mg/kg/day) n � 21, (30 mg/kg/day) n � 21, (100 mg/kg/day) n � 11.
**, P value � 0.006 (unpaired t test); l.o.d., limit of detection; PFU,
PFU. Data were derived from two additional experiments. (B) In vivo
dose-response curves of VGCV and AIC246 therapy. AIC246 data
were derived from animals described for panel A. VGCV data were
derived from results shown in panel A and two separate experiments
using mice receiving antiviral treatment with placebo and 1, 3, 10, 30,
and 100 mg/kg VGCV given per os once daily. Results are expressed
as means � standard deviations (SD). For clarification, ED50 and ED90
values (50% or 10% of mean placebo values, respectively) are indi-
cated by a dotted line. (C) ED50 and ED90 values calculated from the
dose-response curves depicted in panel B. Since ED90 was not reached
in the VGCV treatment group, the ED90 was set to 	100 mg/kg/day.
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VGCV-treated animals, thus confirming the excellent anti-
viral potency of AIC246 as previously shown in cell culture.
The slight increase in PFU values at the 100-mg/kg/day dose
group was interpreted as assay-based variation close to the
detection limit.

ED50 and ED90 values were calculated from dose-response
curves of the respective AIC246 treatment groups and com-
pared to the corresponding once-daily VGCV values that were
acquired in independent experiments (Fig. 6B and C); the
ED50 and ED90 of AIC246 were determined to be 3 mg/kg/day
and 8 mg/kg/day, respectively. For the control compound
VGCV, an ED50 of 16 mg/kg/day was obtained (Fig. 6C).
Importantly the ED90 of VGCV was not reached within this
experiment, not even with the highest dose applied (100 mg/kg/
day). Furthermore, the steep dose-response curve of AIC246 ob-
served in vitro was mirrored in this in vivo experiment (Fig. 6B),
thus confirming the outstanding AIC246 potency at EC90.

In summary, these data demonstrate that the in vivo activity
of AIC246 is at least comparable to the current gold standard
at the ED50 level and surpasses that of VGCV by a factor of
more than 12 with respect to ED90.

DISCUSSION

HCMV is a leading viral cause of birth defects and life-
threatening disease in immunocompromised patients. To date,
all approved drugs target the viral DNA polymerase and are
associated with severe toxicity issues and emergence of drug
resistance. In spite of this, no new drug classes with improved
properties and a new mode of action have reached the market
for more than two decades (2, 3, 5, 20, 24).

Our attempt to identify novel drugs with a mode of action
different from inhibition of DNA polymerase led to the
discovery of dihydroquinazolinyl-acetic acids as a new class
of HCMV inhibitors. Due to excellent antiviral activity and a
favorable toxicological and pharmacological profile in preclin-
ical investigations, AIC246 was chosen from this novel class as
a new lead compound (Fig. 1). Phase I trials were initiated and
demonstrated that the drug had a favorable pharmacokinetic
profile and was safe and generally well tolerated. Conse-
quently, AIC246 is currently being clinically evaluated in phase
II studies as an oral therapeutic for the treatment of HCMV
infections in transplant patients (unpublished data).

In the present study, we report on the antiviral properties of
AIC246 in vitro and in vivo. By all antiviral assays applied,
AIC246 exhibits excellent activity not only against HCMV lab-
oratory strains AD169 and Davis but also against a panel of
cell-free and cell-associated clinical HCMV isolates with an
average EC50 of 4 � 1.3 nM. In addition, AIC246 was found to
be only marginally toxic in a variety of fibroblast cells, as
illustrated by an average CC50 value of 90 � 28 �M. Com-
bined, these results lead to a favorable median in vitro selec-
tivity index of 18,000 and indicate a good tolerability in vivo.
Consequently, we assessed the antiviral efficacy of AIC246 in
an engineered mouse xenograft model (14). The Gelfoam xe-
nograft model employed has two major advantages over other
animal models: first, the appropriate human virus can be used
for in vivo evaluation; second, antiviral compounds that show
activity only against human cytomegalovirus can be tested (11).
Using this animal model, AIC246 shows excellent antiviral

efficacy. In fact, AIC246 appeared to be more effective than the
most active compound on the market VGCV, the prodrug of
GCV in reducing absolute viral titers, when both drugs were
given once daily at a dose of 100 mg/kg/day. In line with this
observation we found that our drug surpasses VGCV by a
factor of 12 or more at the ED90 level (once-daily treatment).
However, since VGCV was not sufficiently potent to reach an
ED90 in a once-daily experimental design, we also determined
the antiviral effect of GCV in mice that received VGCV twice
a day. The ED50 and ED90 values obtained in these experi-
ments were 4.7 mg/kg/day and 34 mg/kg/day, respectively (data
not shown). Given these results, we concluded that a once-
daily administration of AIC246 appeared to be more effective
than either a once- or a twice-daily treatment with the gold
standard VGCV in this in vivo model. Notably, this result is in
agreement with our in vitro studies and implies that a high
efficacy may also be expected in patients.

Several lines of evidence suggest that the mechanism of
AIC246 is different from that of the polymerase inhibitor
GCV. First, AIC246 and GCV behave differently in terms of
antiviral activity upon withdrawal of the inhibitor from cell
culture. While virus replication remained depressed for a
longer period after GCV has been removed from the cultures,
virus replication rapidly resumed after removal of AIC246.
One possible explanation for this phenomenon is that in con-
trast to GCV, which inhibits synthesis of progeny DNA,
AIC246 blocks a process occurring later than viral DNA rep-
lication; thus, progeny virus is readily assembled and released
upon drug removal. Importantly, this assumption would be
consistent with the results of our time-of-addition experiments
(see below). However, it is known that GCV has a long intra-
cellular half-life of 12 to 18 h since the intracellular metabo-
lization product of GCV, GCV-triphosphate, cannot freely
cross the cell membrane (7). This finding might support an
alternative explanation, namely, that the entrapment of
GCV-triphosphate within virus-infected cells accounted for
the observed prolonged antiviral activity. Second, we have
demonstrated that AIC246 was effective against different
GCV-resistant viruses. Third, time-of-addition studies place
the mode of action of AIC246 at a late stage of viral repli-
cation, indicating that AIC246 might interfere with capsid
assembly, DNA processing/packaging, or virus egress (25). In
this regard, the unexpected finding that the time point of ac-
tion of AIC246 exactly coincides with that of the control com-
pound BAY 38-4766 was interesting and raised the possibility
of a common viral target. BAY 38-4766 is a member of a class
of specific HCMV inhibitors that block the cleavage and pack-
aging of HCMV DNA into capsids (13, 28). These processes
are conducted by a specific virus-encoded enzyme, the termi-
nase complex. In fact, mutations conferring resistance to BAY
38-4766 have been mapped to the HCMV UL56 and UL89
genes, which encode the two subunits of the viral terminase
(13). Interestingly, another unique class of compounds, ben-
zimidazole ribosides, has been shown to inhibit HCMV DNA
maturation via the involvement of the UL89 and UL56 gene
products, further emphasizing that the viral terminase complex
represents a valid and drugable target for anti-HCMV therapy
(8, 19, 32, 33). However, since the maturation of herpesviruses
is a linked, multistep process that has only partially been char-
acterized, it is conceivable that AIC246 targets other late pro-
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cesses (25). Accordingly, the exact target for the anti-HCMV
activity of AIC246 has to be identified. To this end, experi-
ments aiming to isolate and characterize mutant viruses that
escape AI246 inhibition are currently in progress.

Altogether, these data demonstrate an outstanding anti-
HCMV activity of the novel compound AIC246 in vitro and in
vivo and suggest that the drug acts late in the replication cycle
via a mechanism that is distinct from that of polymerase in-
hibitors. The ongoing clinical evaluations will clarify whether
AIC246 will overcome some of the problems associated with
the currently available anti-HCMV drugs.
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